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Abstract. Cosmological Birefringence (CB) is a phenomenon, caused by parity violating
modifications to electrodynamics, whereby the linear polarisation angle of light changes as
photons traverse a vacuum. It is possible to use a number of different analysis techniques to
constrain this effect using Cosmic Microwave Background (CMB) polarisation observations.
We investigate two different methods of constraining direction dependent birefringence for
present and future CMB experiments including BICEP/Keck, Simons Observatory (SO),
and LiteBIRD. Specifically we compare the constraints placed on anisotropic CB from a
quadratic estimator technique to those derived from estimates of the B-mode power-spectrum
for the three different experiments. The constraints derived from estimates of the B-mode
power spectrum are found to be comparable to those derived from quadratic estimator for
BICEP/Keck and SO, but not LiteBIRD due to its larger sky coverage. These forecasted
upper bounds for CB are converted to constraints on primordial magnetic fields and the
coupling between photons and pseudo Nambu-Goldstone bosons. Finally we show that even
with the best constraints on CB, for the respective experiments, the potentially induced B-
mode power can act as a significant contaminant in the prospective measurement of primordial
B-modes.
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1 Introduction
The temperature and polarization anisotropies in the Cosmic Microwave Background (CMB)[1]
have been measured to high precision by theWilkinson Microwave Anisotropy Probe (WMAP)
and Planck satellite, placing very tight constraints on the cosmological parameters [2–4].
These observations have confirmed the standard ΛCDM cosmology, and are compatible with
the predictions of inflation. The current observations (the temperature anisotropies, E-modes
of polarization and B-modes sourced by weak lensing) primarily probe the scalar density
perturbations. Most inflation models also predict the generation of tensor perturbations
(gravitational waves). However, the predicted range of amplitudes, characterized typically by
the ratio of power in tensor perturbations to power in scalar perturbations ‘r’, has no lower
bound. These tensor perturbations source very specific B-mode of polarization patterns, with
a fairly well known spectral shape, which has the most power on degree scales around ` ∼ 80.
The ongoing (BICEP/Keck, Spider, PolarBear, ACT, SPT [5–9]) and upcoming CMB (CMB)
experiments (Simons Observatory (SO), LiteBIRD, CMB-S4 [10–12]) will measure the polar-
ized CMB sky with an unprecendented precision and with exquisite control over systematics
over the next decade; a robust detection of r being one of their primary science goals. These
experiments are projected to improve the upper limits on r from the current limit of r < 0.061
[13] to r . 10−3.
This program of research assumes that B-modes are only produced by inflationary grav-
itational waves. However, there may be other non-standard mechanisms which also generate
B-modes. If these alternate sources of B-modes exist, then these could potentially act as
contaminants to measurements of B-modes specifically induced by inflationary tensor per-
turbations and it is important to develop analysis techniques which allow us to distinguish
between these different sources.
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A well known example is that of B-mode generation due to weak gravitational lensing
of the CMB[14]. Weak lensing results in the subtle remapping of the microwave polarization
vectors, which in effect leaks some of the E-mode power into B-modes. To detect r ∼ 10−3 it
is imperative to “de-lens” the polarized sky in order to separate the primordial B-modes from
those generated due to weak lensing. Consequently, a significant effort has been invested to
carry out robust “de-lensing” [15–18].
In this work, however, we focus on an alternative mechanism: B-modes generated due
to cosmic polarization rotation (CPR) which could be sourced by a so called Cosmological
Birefringence (CB) field [19, 20]. While we use this as our primary motivation to carry out
this study, the constraints and methods discussed in this work are also applicable to other
mechanism that results in a rotation of the CMB polarization.
1.1 Modified Electrodynamics
Parity violations are common place in the weak sector of the standard model, with many
observational examples. However, the electromagnetic sector of the standard model as it is
currently understood is not expected to contain parity violating interactions [21]. Despite
this, the search to understand the dark sector and inflation has introduced a plethora of
potential pseudo-scalar fields, such as the axion [22]. Such a pseudo-scalar is a Pseudo-Nambu-
Goldstone Boson (PNGB) which can can couple to the gauge field through a Chern-Simons
term [19, 20, 23, 24]
LCS = − βφ
2M
FµνF˜
µν , (1.1)
where β is a dimensionless coupling constant, M is the vacuum expectation value of the
broken global symmetry, Fµν is the electromagnetic field strength tensor and F˜µν is its dual.
In this case the parity violating physics introduced by the additional Chern-Simons
term induces a difference between the effective refractive indexes for the right-handed and
left-handed circular polarisation states of light. Linearly polarised light can be written as the
superposition of the two circular polarisation states with a polarisation angle proportional
to the difference in phase between the two states. The resulting change in phase during
the propagation of light, due to difference in the effective refractive index for the different
circular polarization states will cause a change in the linear polarisation angle [19]. This
effect is known as cosmological birefringence and the resulting change in polarisation angle
in direction nˆ is [25]
α¯(nˆ) =
β
M
∫
dη
(
∂
∂η
+ nˆ · ∇
)
φ(η, nˆ) , (1.2)
where η conformal time and α¯(nˆ) = α0 + α(nˆ). Here the integration is along the space-time
path of the photon. Note, that this angle is direction dependent only if the gradient of the
scalar field is also spatially varying. Otherwise the rotation angle is direction independent,
α¯(nˆ) = α0. The power spectrum for this spatially dependent field is expected to have a simple
form,
CααL = ACB
2pi
[L(L+ 1)]β
, (1.3)
where the constant ACB is the amplitude of the power spectrum, a parameter which CMB
experiments might seek to constrain. It is assumed that as long as the pseudo-scalar field that
sources CB does not obtain a mass during the inflationary epoch then the power spectrum
will be scale invariant, corresponding to β = 1 [25].
– 2 –
1.2 Birefringence and the CMB
The CMB polarisation anisotropies were generated in the Early Universe during the epoch
of recombination via Thomson scattering. Approximately 10% of these CMB photons are
linearly polarised. The high redshift origin of these polarised photons makes the CMB an
ideal candidate for the detection of CB.
CB affects CMB polarization maps in a manner analogous to weak lensing modifications
to the maps. Therefore CB not only modifies the angular power spectra (i.e. the diagonal
of the harmonic space covariance matrix : 〈aX`maY`′m′〉) but also encodes information in the
off-diagonal elements of the covariance matrix. The monopole component of the CB rotation
angle causes mixing between the different angular power spectra at first order in α0 - the
uniform CB rotation angle. The anisotropies in the CB rotation angle also modify the different
angular power spectra but leading order corrections appear only at second order (α2). The
anisotropies in the CB rotation angle are also encoded in the off-diagonals of the covariance
matrix, and these are at first order (α) and these therefore can be reconstructed using the
well known quadratic estimator (QE) technique [26–29].
It is therefore possible to put constraints on CB affects in CMB polarization maps using
two complementary methods. One can look for excess power in direct measurement of the
polarization angular power spectra. The details of the modification to the polarization angular
power due to CB are summarized in Section. 2.1. Alternately, one can use the QE technique,
where α(nˆ) is reconstructed, and the power spectrum of the reconstructed map is compared
to the null hypothesis of it being consistent with noise. Relevant details relating to the QE
are discussed in Section. 2.2. It is important to note that constraining uniform birefringence
is limited by the level of absolute polarisation angle calibration possible [30], however, such
limitations do not apply when placing constraints on anisotropic birefringence. In this work
we assume that any monopole birefringence effects have already been removed using self
calibration [31] and focus on deriving constraints on anisotropic birefringence from upcoming
CMB experiments using the two complementary methods discussed above. In Section. 3 we
discuss the likelihoods we use, and the experimental configurations for BICEP/Keck, SO and
LiteBIRD to derive constraints for each of these two methods.
Many CMB experiments have already placed constraints on both uniform and anisotropic
CB [26, 30, 32–34]. The current best constraint on the uniform CB rotation angle, α0, comes
from Planck whose 68% confidence limit is α0 < 0.5◦ [35]. The best constraint on anisotropic
birefringence is a 95% confidence limit constraint on the amplitude of the CB power spectrum
of ACB ≤ 0.10× 10−4 rad2, set by analysis on recent ACT, assuming a scale invariant power
spectrum for CB (i.e. β = 1) [36]. In Section. 4 we present a forecast of the CB constraints
from BICEP/Keck, SO and LiteBIRD. A qualitatively similar study was carried out in [37]
and we find consistent results under similar settings. Further to the presentation of this
forecast we compare the relative constraints one may be able to obtain using both the QE
technique, and by looking for excess power in the polarization angular power spectra.
Due to the relationship between the CB and the coupling strength between the photon
and the PNGB it is possible to forecast constraints for this coupling using constraints on CB.
As the observable for CB, rotation of the CMB linear polarization angle, is the same as the
observable for primordial magnetic fields (PMFs) it is possible to also use CB constraints to
place constraints on the field strength of PMFs [38–40]. Forecasts for constraints on both
physical phenomenon for BICEP/Keck, SO, and LiteBIRD are presented in Section. 4.
A measurement of the primordial B-modes, originating from tensor perturbations to the
metric as predicted by most models of inflation, is one of the primary science goals of many
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observational programs. Since CB can induce excess B-mode power which can be potentially
confused with these primordial B-modes it is important to understand the constraints on CB
attainable via different experiments. This will be an important aspect of interpreting the
B-mode measurements of the future. With this motivation, in Section 4 we compare the CB
induced B-mode allowed by the forecasted upper bounds on CB for BICEP/Keck, SO small
aperture telescope (SAT) and large aperture telescope (LAT), and LiteBIRD.
2 Constraining CB using CMB polarisation
The affects of anisotropic CB on the CMB polarisation are expected to be small and hence
can be treated perturbatively. The CMB polarization is written in terms of the maps of the
Stokes parameters Q(nˆ) and U(nˆ) on the sky. Defining the complex Stokes parameters,
±P (nˆ) ≡ (Q± iU)(nˆ) , (2.1)
the rotation of the polarisation due to birefringence is given by: ±P (nˆ) = ±P˜ (nˆ)e∓i2α(nˆ).
Note that tilde’d variables are used to denote the primordial (un-rotated) CMB fields. We
reiterate that we focus only on anisotropic CB and assume that the monopole CB (or angle
miscalibration) has already been corrected using self calibration. Treating this perturbatively
and retaining terms to second order in α yield the following correction to the polarization
vector,
±P (nˆ) = ±P˜ (nˆ)
[
1∓ i2α(nˆ)± 2α2(nˆ) +O(α3)] . (2.2)
The E and B fields are an equivalent, but scalar (spin 0) representation of CMB polar-
ization. In the following section we summarize how these CB corrections propagate to the
harmonic space covariance of the scalar E and B fields.
2.1 The effect of CB on the B-mode power-spectrum
As previously mentioned, the dominant corrections to the CMB polarization angular power
spectra, due to anisotropic CB rotation angle, appear at second order in α. These corrections
result in mixing of power between different multipoles and also in mixing of power between
the E and B mode of polarization.
The correction to the angular power spectrum of B-mode of polarization is given by [41],
δCBB` =
1
pi
∑
L
CααL (2L+ 1)
∑
l2
(2l2 + 1)C˜
EE
l2 (H
L
ll2)
2 + TB(B → B) , (2.3)
where only modes that satisfy the triangularity condition l + L + l2 = Even contribute to
the sum and HLll′ =
(
l L l′
2 0 −2
)
is a Wigner symbol. Similarly the correction to the angular
power spectrum of the E-mode of polarization has the following form [41],
δCEE` =
1
pi
∑
L
CααL (2L+ 1)
∑
l2
(2l2 + 1)C
EE
l2 (H
L
ll2)
2 + TE(B → E) , (2.4)
where only modes that satisfy the triangularity condition l+L+ l2 = Odd contribute to the
sum. For brevity the explicit form for additional corrections TB and TE are not given here,
since these are sub-dominant. Unlike in the case of monopole birefringence, the anisotropic
birefringence does not generate CEBl when including corrections up to second order in α.
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Since the power in the E-modes is significantly larger than in the B-modes, the domi-
nant corrections result from mixing of E-mode power across multipoles and across polarization
states. This is also the reason why the additional corrections (TB & TE) sourced by B-mode
power are sub-dominant. On evaluating the correction to the CMB polarization power spec-
trum (Eq. 2.4 & Eq. 2.3), with CααL consistent with the current constraints on anisotropic
CB, it is seen that the corrections to the E-mode power spectrum are more than an order
of magnitude below cosmic variance. This indicates that the E-mode power spectrum can-
not place interesting constraints on CB. On the contrary corrections to the B-mode power
spectrum are comparable to primordial B-mode power expected from the range of tensor to
scalar ratio being targeted by current and upcoming CMB experiments. This indicates that
the measured B-mode power spectrum can be used to place interesting constraints on CB.
2.2 The Quadratic Estimator
As noted previously, CB induces coupling between off-diagonal elements of the covariance
matrix1, at leading order in α, that can be measured from data and combined in an optimal
manner, using the (QE) technique, to yield a map of α. This is entirely analogous to the more
well known case of QE reconstruction of the weak lensing potential [42]. While the details
of constructing these QE for CB can be found in [28, 29], here we summarize the QE details
relevant to this work.
In practice, one carries out the CB reconstruction by extracting information from the
each of the following covariance matrices: EB, EE, BB, TE & TB and finally combining the
reconstruction from each estimator in an optimal way, duly accounting for the correlations
between the different estimates. However it is seen that the final result is dominated by the
EB QE and the explicit form of this estimator is given by,
α̂LM = −2NL
∑
ll′
C˜EEl′
CBBl C
EE
l′
∑
mm′
BlmE
∗
l′m′ξ
LM
lml′m′ , (2.5)
where C˜l represents the true primordial CMB power spectrum that is calculated using a
Boltzmann code, such as CAMB, with an assumed fiducial cosmology, Cl denotes the observed
power spectrum: Cl = C˜l +Cnoisel , Elm and Blm are beam deconvolved harmonic space fields,
ξLMlml′m′ represents the geometric kernel that is given by the following expression,
ξLMlml′m′ = (−1)m
√
(2l + 1)(2L+ 1)(2l′ + 1)
4pi
(
l L l′
−m M m′
)
HLll′ , (2.6)
and NL is the reconstruction noise power spectrum. NL is the expected power spectrum
of the reconstructed map in the absence of any CB and is given by the following expression,
NL =
[
4
∑
ll′
√
(2l + 1)(2l′ + 1)
4pi
(C˜EEl′ H
L
ll′)
2
CBBl C
EE
l′
]−1
. (2.7)
It is important to note that, owing to parity conditions for the EB QE estimator, the sums
in the estimator and the reconstruction noise only receive non-zero contribution when the
condition l + l′ + L = Even is satisfied. To make forecasts using the QE technique, one only
needs to evaluate NL using Eq. 2.7, which requires the fiducial CMB power spectra, the noise
and instrument beam for each experiment as an input.
1In the absence of CB the off-diagonal correlations are zero, except when considering analogous couplings
induced by weak lensing of the CMB.
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3 Forecast methodology for ACB
We employ a likelihood based approach to constrain the amplitude of the CB power spectrum,
ACB, using both the QE approach, and using direct observations of the B-mode power spec-
trum (BB). We forecast the upper bound on ACB using both these QE and BB techniques
for SO, LiteBIRD, and a simulated version of BICEP/Keck. As a robustness check we also
derive ACB limits using QE and BB techniques using actual BICEP/Keck band-power data
and compare them against those quoted by BICEP/Keck [43].
For these analyses we work with a null hypothesis for primordial B-modes (i.e. r = 0).
The maximum multipole is fixed to the same value for all experimental configurations. By
so doing, the different multipole contributions to the likelihood are naturally determined by
the noise in the respective measurements. The likelihood is given by L = N e− 12χ2 and the χ2
has the following general form,
χ2(ACB) = ∆dlM
−1
ll′ ∆d
′
l , (3.1)
where ∆dl =
[
Cobsl − Cmodell (ACB)
]
and Mll′ is the covariance matrix evaluated at a fixed
fiducial cosmology. Note that even for the model power spectra ACB is the only parameter
that is allowed to vary while other cosmological parameters are held fixed. The CB power
spectrum is assumed to be a power law (see Eq.1.3) and we study the constraints by allowing
the slope to vary by 15% around a scale invariant power spectrum.
In the following sub-sections we provide the specifics of the model spectra, observed
spectra and covariance matrices used to define the BB and QE likelihoods.
3.1 The BB likelihood for ACB
As discussed in Section 2.1 a non-vanishing CB effect will result in excess B-mode power,
analogous to how weak lensing generates B-mode power by leaking some of the E-mode
power. It is possible to put constraints on ACB by searching for this excess power in the
measured B-mode power spectrum. To do this we use the following definition of the model
spectrum to evaluate the likelihood function [26],
Cmodel` (ACB) = ACBC
BB,CB
` +AlensC
BB,lens
` , (3.2)
where CBB,CB` is the CB induced BB power spectrum which is evaluated by injecting the CB
power spectrum, given in Eq. 1.3, into Eq. 2.3 for ACB = 1 and a range of values of β. The
covariance matrix, M``′ , then has the following form,
M``′ =
2
(2`+ 1)fsky
[
AlensC
BB,lens
` + C
BB,noise
` W
−2
`
]2
, (3.3)
where, CBB, lens` is the B-mode power spectrum induced by lensing, Alens generally char-
acterizes the lensing power post de-lensing, CBB,noise` is the noise power spectrum and W` is
the beam window function. When using this method we also derive constraints for different
amounts of de-lensing, which is done by simply using different values, Alens ∈ {1, 0.75, 0}2, as
this considerably changes the effective noise in the measurements of the BB power spectrum.
2Alens = 1 means no de-lensing, while Alens = 0 means perfect de-lensing.
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3.2 The QE likelihood for ACB
In addition to inducing excess B-mode power, CB would also induce specific signatures in the
off-diagonal elements of the covariance matrix and these can be used to reconstruct the CB
rotation field, α, as discussed in Section 2.2. For the QE likelihood Cobsl would be the power
spectrum of the reconstructed α map which we denote by Cαα, recL . The model spectrum is
then given by [33],
CmodelL (ACB) = ACBC
αα, ref
L +NL , (3.4)
where Cαα, refL denotes a reference CB power spectrum and is assumed to have the same
form as in. Eq. 1.3. NL denotes the reconstruction noise power spectrum which can be
evaluated using Eq. 2.7. Note that NL can be evaluated given only the theoretical CMB
spectra and the instrument noise power spectrum. The covariance matrix Mll′ for the QE
likelihood has the following form,
MLL′ =
2
(2L+ 1)fsky
N2L . (3.5)
Unlike in the BB analysis where we derive constraint for different values of Alens, here
we keep Alens = 1 fixed. We estimate the reconstruction noise by optimally combining the
reconstruction noise for all the QE (EE, BB, EB, TE, TB) estimators. For all experimental
configurations we find that this net reconstruction noise offers little improvement on ACB
constraints compared to those derived from using the reconstruction noise corresponding to
the EB estimator alone.
3.3 Experimental configurations
The multipole ranges, sky coverage, noise and beam for the three experiments considered in
this work are summarised in Table 1. Instead of artificially varying the lmax cutoff for each
experiment, the maximum multipole of lmax = 3000 was chosen so that the cutoff is instead
where the signal becomes saturated by noise for each experiment.
Instrument `min `max fsky noise rms ΘFWHM
[µKarcmin] [arcmin]
BICEP/Keck 30 3000 0.01 3.0 30
SO SAT 93GHz 30 3000 0.1 3.8 30
SO LAT 93GHz 30 3000 0.4 16.3 2.2
LiteBIRD 2 3000 0.7 2.5 30
Table 1. Instrument specifications used in construction of the respective likelihood functions. For
BICEP/Keck, noise curves were fit to publicly available noise data. For SO the noise curves were
produced using a publicly available SO noise forecast code. For both SO and BICEP/Keck the noise
rms presented is the average value for these noise curves in the range 30 ≤ ` ≤ 3000. The noise curves
for LiteBIRD were calculated directly from the beam and noise rms values.
The noise power spectrum used and the instrument beams for each analysis carried out
in this work were chosen with the following prescriptions/reasons:
• BICEP/Keck actual band-power data: The publicly available 150GHz binned noise data
was chosen [43] and the model spectra were identically binned using the prescription
presented in [44].
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• BICEP/Keck simulated forecast: The Gaussian noise model was fitted to the publicly
available 150GHz channel binned noise3[43]. We ensured that this fitted noise model
closely resembles the BICEP noise. This procedure allows us to use an extended multi-
pole range for making a forecast. The limit of `min = 30 for the simulated forecast was
chosen to emulate the baseline QE analysis performed in [43].
• SO forecast: A publicly available noise curve code4 was used to generate noise curves for
the 93GHz channel. This channel was chosen as it gives the strongest constraint on ACB
[10]. Both the SAT and LAT noise curves were generated using the “baseline" mode of
the noise code 5. In addition to instrument noise, these noise curves include additional
contributions from atmospheric noise. While for forecasts, we use these simulated noise
curves, the rms noise quoted in Table 1 are estimated from fitting the amplitude of the
Gaussian noise model to the simulated noise curved. The value of `min = 30 was chosen
in order to be consistent with the ` range used for the SO forecasts presented in [10].
• LiteBIRD forecast: A noise curve was constructed using the average beam width and
the rms noise values quoted in [11].
4 Results
4.1 Forecasted constraints on ACB
We carry out the analysis described in section 3 for BICEP/Keck, SO, and LiteBIRD. The
likelihood curves for ACB are depicted in Fig. 1. We show the curves for β = 1 in order to
draw easier comparisons with current constraints. Using these likelihood curves we calculated
the 95% upper limit on ACB and these are summarized in Table. 2. Below we discuss the
salient features of the derived ACB constraints for each of the experiments we study in this
work, comparing the results of the QE and BB techniques for each experiment.
BICEP/Keck : The ACB limits presented by BICEP/Keck are derived using the QE
method usking a maximum CMB multipole of lmax = 700 [43]. In our BICEP/Keck simulated
forecast, on using the inputs from Table 1 and evaluating the 95% upper limits on ACB
from the QE likelihood, we find that the resulting upper limit matches the limits found by
BICEP/Keck, as seen in the top left panel of Fig. 1. Specifically note that in our setup we have
max = 3000 and the corresponding instrument beam and noise in the measurements naturally
determine the weighting for the different modes. Using an identical setting we also evaluate the
BB likelihood and find that the constraint on ACB is only 1.4 (Alens = 1) times larger than the
QE constraint. Naturally we find that the BB constraint could be improved if the B-mode map
were to be de-lensed (by a factor of 1.5 in the case of perfect de-lensing). However this finding
contrasts the claim in [43], that constraints on ACB using the BB technique are significantly
worse than those derived using QE. In order to understand the origin of this contrasting
conclusion, we also evaluate the BB likelihood using publicly available BICEP band power
data[45] and find a relatively weaker constraint on ACB = 7.51 × 10−5rad2, a factor of 2.6
worse than the QE constraint. This weakening of the constraints can be understood as a
3The BICEP/Keck binned noise and band power data is available at http://bicepkeck.org/bk15_2018_
release.html.
4The noise curves for the SO LAT and SAT telescopes can be found at https://simonsobservatory.org/
assets/supplements/20180822_SO_Noise_Public.tgz.
5The “one over f" mode in the noise code was set to “optimistic"
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Figure 1. Forecasted likelihoods and 95% confidence limits for ACB for the LAT and SAT SO
93GHz channels, BICEP/Keck, and LiteBIRD. The current experimental upper bound on ACB of
ACB < 0.33× 10−4 rad2from [43] is indicated as the red vertical line. The forecasted constraint from
the QE is shown in blue, whereas the forecast constraint from BB when no de-lensing is present is
indicated in orange. The expected constraints from BB when Alens = 0.7 is indicated in green, and
for perfect de-lensing (Alens = 0) is indicated in black. The constraint from the actual BICEP/Keck
B-mode bandpower data is indicated in magenta. For the reference spectra used to calculate both
the QE and BB likelihood curves shown β = 1. For the ground based experiments, BICEP/Keck and
SO, the multipole range for the forecast is 30 ≤ ` ≤ 3000 and 30 ≤ L ≤ 3000, whereas, for LiteBIRD
`min = 2 and Lmin = 1. We also present the constraint for L ≥ 30 in grey in order to provide a
comparison with the other two experiments and indicate the effect that access to lower multipoles
has on the QE constraint. The forecasted 95% confidence limits are noted with dashed vertical lines.
The 95% upper limits are presented in table 2.
consequence of using a truncated multipole range in the BB likelihood analysis6. Finally we
also checked that that using the lmax = 332 when carrying out the simulated forecast results
in a constraint that is consistent with that derived from the BICEP band power data. These
tests and checks allow us to benchmark our forecasting tools with published constraints hence
allowing us to now perform reliable forecasts for upcoming experiments.
Simons Observatory : As seen in both Figure 1 and Table 2, for the SO SAT the ACB
constraints derived from the BB likelihood are comparable to those derived from QE. These
constraints are similar to the current best upper limits from ACT of ACB = 1.0× 10−5 rad2,
derived using the QE method [36]. However, for LAT, the QE analysis gives a significantly
6BICEP used lmax = 332 for the BB likelihood, however it uses an lmax = 700 for evaluting their QE
likelihood
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better constraint on ACB than BB and is also 2.6 times better than the QE limits achievable
from the SAT.
De-lensing has a significant impact on the BB constraints achievable using the SAT, with
perfect de-lensing yielding an improvement on BB constraints from the SAT by a factor of
1.76. For the LAT perfect de-lensing can also improve BB limits, however, the QE constraints
continue to be better, as seen in Table 2. In summary, the best constraints for SO come from
the QE analysis on the LAT. Therefore, in analogy to weak lensing, carrying out QE analysis
on the LAT to place the best possible constraint on CB, is likely the best strategy for putting
limits on CB induced B-mode power. It is possible to apply the QE analysis on de-lensed
B-mode skies but we have not explored this analysis strategy7.
LiteBIRD : LiteBIRD is a space based experiment, and hence it significantly differs from
both BICEP and SO/SAT, owing to its significantly larger sky coverage.
This immediately implies access to the largest angular scales on the sky, and this signif-
icantly enhances the constraints on ACB from the QE likelihood, since the scale invariant CB
power spectrum has more power at lower multipoles. Consequently we find that LiteBIRD
will be able to place constraints on ACB that are better than all other experiments considered
in this work.
The white noise is expected to be smaller for LiteBIRD than that of BICEP/Keck and
SO, as seen in Table 1. Owing to this the constraints on ACB from the BB likelihood, even
assuming no de-lensing, yields a constraint that is better than the best constraints achievable
by any other experiment considered in this study. However, for LiteBIRD, the constraints on
ACB from the QE method yield constraints which are better by a factor of ∼ 16 than those
achievable from BB with perfect de-lensing.
To better appreciate the gains from being able to use the large angle modes, we also
derive ACB constraints that would be achievable by ignoring multipoles L < 30 in the QE
likelihood analysis and the resultant constraints are presented in Table 2. We find that the
ACB constraints degrade by a factor of ∼ 30 and become only marginally better than the QE
constraints for SO LAT. We also carry out a similar exercise for the BB likelihood and find
insignificant changes to the ACB constraints.
4.2 Constraints on Physical Phenomena
While the focus till now has been on constraining CB, the origin and motivation for this
work, the forecasted constraints can be used to place constraints on a more broad range of
phenomena which result in CPR.
One possible cause of CPR could be Faraday rotation induced by PMFs [38–40]. The
PMF amplitude is related to the CB power spectrum via the following relation [26, 33]:
B1Mpc = 2.1× 104 nG
( ν
30GHz
)2√L(L+ 1)CααL
2pi
. (4.1)
Assuming a scale invariant form for the CB power spectrum results in the following relation
between the PMF strength and ACB,
B1Mpc = 2.1× 104 nG
( ν
30GHz
)2√
ACB . (4.2)
Note that the above equation is independent of multipole and can be used to translate ACB
constraints to those on the amplitude of the PMF. We invert Eq. 4.2 at ν = 150 GHz to derive
7A careful treatment would require using revised noise estimates on the de-lensed B-mode maps.
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Instrument ACB [rad2] B1Mpc [nG] gφγγ [H−1I ]
QE BICEP/Keck 3.32× 10−5 30 7.24× 10−2
SO LAT 3.96× 10−6 10.4 2.83× 10−2
SO SAT 1.03× 10−5 16.8 4.03× 10−2
LiteBIRD 6.84× 10−8 1.4 4.65× 10−3
(L > 30) LiteBIRD 2.31× 10−6 8.0 1.90× 10−2
ACT 1.0× 10−5 16.6 (est.) 4.0× 10−2
BB BICEP/Keck 4.65× 10−5 36 8.57× 10−2
Alens = 1 BK data 7.51× 10−5 46 1.09× 10−1
SO LAT 1.63× 10−5 19.1 4.56× 10−2
SO SAT 1.25× 10−5 18.5 4.43× 10−2
LiteBIRD 2.91× 10−6 9.0 2.14× 10−2
BB-DL BICEP/Keck 4.24× 10−5 34 8.18× 10−2
Alens = 0.7 SO LAT 1.30× 10−5 18.9 4.53× 10−2
SO SAT 1.11× 10−5 17.5 4.18× 10−2
LiteBIRD 2.46× 10−6 8.2 1.97× 10−2
BB-NL BICEP/Keck 3.12× 10−5 29 7.01× 10−2
Alens = 0 SO LAT 1.26× 10−5 18.6 4.45× 10−2
SO SAT 7.12× 10−6 14.0 3.35× 10−2
LiteBIRD 1.12× 10−6 5.6 1.33× 10−2
Table 2. Forecasted 95% upper bounds on ACB , which is converted into a limit on PMF field
strength, with a reference frequency of ν = 150 GHz, or a PNGB-photon coupling, for both QE
and BB calculated with β = 1. For BB this is carried out for Alens = 1, Alens = 0.7 (BB-DL) and
Alens = 0.0 (BB-NL). These constraints are calculated for BICEP/Keck, SO, and LiteBIRD. The
constraint from the analysis of the BICEP/Keck B-mode data is also presented (BK data). The
values for ACT presented here are from [36] except the constraint on B1Mpc, which is estimated from
the ACT constraint on ACB .
the upper limits on the primordial magnetic field strength for the different experiments and
these are tabulated in Table 2. Not surprisingly the constraint we forecast on the PMF
strength, B1Mpc, using the QE method matched the limits presented by BICEP/Keck[33].
We find from the forecasts for the QE method that LiteBIRD could improve upon the
existing BICEP/Keck limits by a factor of ∼ 21. While there is no quoted constraint on
PMF amplitude from ACT, we translate ACB constraints from ACT in [36] using the same
prescription as above and the resultant PMF constraint is given in Table 2. Comparing
this estimate to the QE forecast for LiteBIRD suggests that LiteBIRD may also be able to
improve on any potential constraints ACT might place on B1Mpc by nearly a factor of ∼ 12.
We find that the LiteBIRD experiment is expected to give a PMF constraint that is a factor
of ∼ 8 better than the PMF constraint expected from SO LAT, and a factor of ∼ 12 better
than the PMF constraint expected from SO SAT.
The primary motivation for this work, cosmological birefringence, is usually attributed
to the coupling of a PNGB to the gauge field. There are a variety of exciting and physically
well motivated physical candidates for the PNGB including the dark matter axion, therefore
constraining the strength of the coupling between the PNGB and the photon is of great
interest. One can convert to an axion photon coupling, gφγγ = β/2M and the relationship
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between gφγγ and the CB power spectrum is [25, 33],
gφγγ =
4pi
HI
√
L(L+ 1)CααL
2pi
, (4.3)
or, according to (1.3) assuming the PNGB doesn’t obtain a mass during inflation,
gφγγ =
4pi
HI
√
ACB . (4.4)
Here, HI is the Hubble parameter during inflation. We have also used the forecasted con-
straints onACB to place possible upper bounds on gφγγ for Simons Observatory, and LiteBIRD
and these are presented in Table 2. As a test case, we compute an upper bound on gφγγ using
the QE method for BICEP/Keck and find that it matches the existing QE bound found in
[33].
The best constraint on gφγγ is expected to come, once again, from LiteBIRD. Morever,
the LiteBIRD experiment could significantly improve upon existing bounds by nearly a factor
of ∼ 16 over the BICEP/Keck bound [43] and nearly a factor of ∼ 9 over the ACT bound [36].
LiteBIRD may give a constraint on gφγγ that is a factor of ∼ 6 better than the forecasted
constraint from SO LAT and a factor of ∼ 9 better than the forecasted constraint from SO
SAT .
4.3 Effect of birefringence on primordial B-modes
As seen in Eq. (2.3) additional B-mode power is induced by CB. We argued and demonstrated
how this can be used to place constraints on CB from the measurements of CBBl . We now
turn our attention to understanding the potential implications of the CB constraint study on
measurement of primordial B-modes, since this is a primary science goal for the experiments
considered in this work. Under the assumption that CB exists, we can characterize the
contamination by evaluating the induced B-mode power spectrum from the best 95% upper
limits placed on ACB for all experiments. To gain some insight on the dependence on the
slope of the CB spectra, we extend our analysis by estimating the QE likelihood constraints
on ACB, for CB spectra which deviate from the scale invariant form, specifically assuming
β = [0.85, 1.15]. Note that when deriving constraints on ACB for these non-scale invariant
spectra, we re-normalize CαL to match the scale invariant spectra amplitude at the pivot
multipole L0 = 1. While we do not provide these constraints here, we use these to evaluate
the corresponding induced B-mode spectra, which are depicted in Fig. 2.
Since the shape of the B-mode spectra induced by CB differs from that induced by
tensors, we compare the amplitudes at ` ∼ 80. For all the ground based experiments, the
CB induced B-mode power spectra can constitute of order 1 to a few ten percent of the total
primordial B-mode for r ∈ [10−2, 10−3] as can be seen in Fig. 2. Further we note that the
shallower CB spectrum (β = −0.85) results in a induced B-mode spectrum with a smaller
amplitude while a steeper CB spectrum (β = −1.15) results in a B-mode spectrum with a
larger amplitude. This, as we now argue, is quite counter intuitive. With pivoting at L0 = 1
and ACB = 1, it is clear that the CBB` induced by a shallower CB spectrum will have an overall
higher amplitude than one induced by a steeper CB spectrum, owing to greater amplitude of
the shallower spectrum than the steeper spectrum at most multipoles (except at L0). Since
QE analyses are highly sensitive to low multipoles, on reducing access to the large angle
modes, the ACB constraints on a steeper CB spectrum are more weakened than they are for
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Figure 2. Maximum CB induced B-modes spectra, for varying CB spectral slopes: CααL ∝ (L(L +
1))−0.85 (dashed lines), scale-invariant CααL ∝ (L(L+1))−1 case (solid lines) and CααL ∝ (L(L+1))−1.15
(dot-dashed lines), with best ACB upper limits derived using the QE likelihood. The C
BB,CB
` are
compared to the primordial C˜BB` when the tensor to scalar ratio r is in the range ∼ 10−2−10−3. The
CB induced CBB,CBl allowed by the most recent ACT constraint is shown as a dotted maroon line.
a shallower CB spectrum. This weakening of constraints results in the induced CBB` from a
steeper CB spectrum having a higher amplitude than that induced from the shallower CB
spectrum, when evaluated for the best ACB limits derived from the QE likelihood, resulting in
the corresponding ordering of the induced B-mode spectrum - explaining the counter intuitive
trend.
For LiteBIRD the story is significantly different, owing to enhanced sensitivity and access
to low multipoles, the ACB constraints are more stringent. Therefore the CB induced B-mode
spectra have a very low amplitude and cannot act as major contaminants to measurements
of primordial B-modes with the corresponding target amplitudes. Here it is interesting to
note that the steeper CB spectrum induces a smaller B-mode spectrum than the shallower
CB spectrum, as one may have expected. In this case, since the ACB constraints are driven
dominantly low multipoles, there is relatively smaller variation in the ACB limits and the
B-mode spectra induced by CB spectra of different slopes follow the expected trend.
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5 Discussion
Future prospects for the detection and constraint of CB by the upcoming LiteBIRD and SO
experiments, and current constraints on CB from the contemporary BICEP/Keck experiment
have been discussed. The constraints these experiments should be able to place on CB, or more
generally CPR, using both a QE and BB approach have been compared. It was found that the
QE approach yields the strongest constraints. However, it was also found that that in the SO
SAT and BICEP/Keck forecast that the QE approach will yield only a marginal improvement
over the constraint found using the BB method. In such cases, the computational expense
and relative complexity of the QE method may make the use of the BB approach a much
more favourable option for placing constraints on anisotropic CB. As long as the CB signal
is found to be consistent with zero using BB, no QE investigation is needed. However, if in
these cases a non-zero CB signal is found using the BB method, a QE method must be used
to verify this signal is in fact sourced by CB.
The much weaker constraint from the BICEP/Keck band-power B-mode data compared
to the strength of the constraint in the forecast BICEP/Keck case, along with the degradation
in quality of the forecast constraint when the multipole range is limited, suggests that limits
in multipole range may have lead to the lower quality BICEP/Keck constraint from BB
analysis mentioned in [33]. The strongest constraint is expected to come from the LiteBIRD
experiment using a QE approach. The LiteBIRD is expected to offer roughly an order of
magnitude improvement over the other experiments included in this analysis when using a
QE approach. This improvement will be due to the improved sky coverage a low multipole
access of the instrument.
The constraints on CPR were also used to predict constraints on the possible physical
sources of CPR, both primordial magnetic fields and cosmological birefringence. More specif-
ically, we calculated upper bounds on both the field strength for primordial magnetic fields,
and for the PNGB-photon coupling. Stronger constraints on ACB will yield stronger con-
straints on both the PNGB-photon coupling and PMF field strength, and it was found that
LiteBIRD is expected to be able to place the strongest constraint on both of these physical
parameters.
In previous searches for primordial CMB B-mode the cosmological birefringence effect
has been seen as largely irrelevant. The perspective has been that, while it is may be an
interesting prospect to detect such an exotic physical effect, CB has little or no bearing
on more mainstream CMB cosmology. However, as CMB experiments continue to probe
primordial B-modes with more and more sensitivity, and as de-lensing techniques become
more efficient CB may become a significant potential contaminant to B-mode science that
needs to be excluded. In this work we have shown that the presence of an anisotropic CB effect
with a power spectrum of an amplitude allowed by current upper bounds will indeed induce
a large enough B-mode signal to act as a contaminant in future surveys seeking to constrain
the tensor to scalar ratio in the range r ∼ 10−2 to r ∼ 10−3. Therefore, it will be necessary
to truly ensure that such a contaminant is indeed not present. For future experiments such as
SO it will be important to perform a QE based analysis to ensure that any detected B-mode
signal is not from a CB contaminant. A detected CB signal would be an exciting prospect
and a signal of new exciting physics. However, such a detection would warrant the removal
of additional induced B-mode power, in analogy to de-lensing, in order to recover the true
primordial B-mode signal.
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